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Introduction

The Carbon Mitigation Initiative (CMI), based at Princeton University, is an independent academic 
program sponsored by BP. The goal of the program is to bring together scientists, engineers, and policy 
experts to design carbon mitigation strategies that are safe, effective and affordable. Since its inception 
in 2000, CMI has been committed to the dissemination of its research findings so they may benefit the 
larger scientific community, government, industry, and the general public.

In July 2017, the administering entity for CMI, the Princeton Environmental Institute (PEI), underwent 
a leadership transition. Michael Celia, the Theodora Shelton Pitney Professor of Environmental Studies 
Professor of Civil and Environmental Engineering and a CMI principal investigator (PI), became the 
Institute’s new director, succeeding François Morel, the Albert G. Blanke, Jr. Professor of Geosciences 
and also a CMI PI. Morel served two terms as PEI’s director: first, from 1998 to 2005, which included 
CMI’s early years and again from 2014 to 2017.

CMI is currently comprised of 18 lead faculty and more than 50 Princeton research staff and students. 
The program identifies both risks and opportunities posed by the carbon problem. Research teams are 
organized into three groups: science, technology, and integration.

CMI Science features close collaboration with Princeton’s neighbor, the Geophysical Fluid 
Dynamics Laboratory (GFDL) of the US Department of Commerce. Together, CMI and GFDL are 
improving the understanding of atmospheric, oceanic and terrestrial carbon dioxide (CO2) and 
other greenhouse gases. The role of oceans as carbon and heat sinks is under investigation, with an 
emphasis on the relatively unexplored Southern Ocean. A growing effort is focused upon developing 
a better understanding of past tropical cyclone activity and intensity in order to improve the ability 
to predict future activity in response to changing climatic conditions. The study of surface waves at 
the interface between the atmosphere and ocean waters has important implications for improved 
understanding of climate and weather. Modeling of ice flows reveals new information about ocean 
mixing with implications for ocean ecology. Research on the role of terrestrial vegetation in the 
carbon cycle continues with additional focus on the hydrological cycle. An initiative launched in late 
2017 investigates the physics of soil carbon dynamics to inform practical strategies for enhancing 
carbon storage in soils. In addition, a new supplementary award was announced to study methane 
sources and sinks in the atmosphere and on land.

CMI Technology studies CO2 storage in geological formations with a focus on understanding 
leakage risks associated with old oil and gas wells, and on modelling injection in unconventional 
reservoirs. A program on advanced batteries is developing new diagnostic methods. Other research 
focuses on incentivizing the decarbonisation of the transportation sector, with an emphasis on 
biofuel production combined with CO2 capture and storage.
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CMI Integration introduces new conceptual frameworks that are useful to governments and citizen 
groups considering climate change policies. One current effort seeks to make the emerging statistical 
analyses of extreme events, such as urban heat waves, more accessible. Another initiative involves the 
study of renewable energy intermittency, lulls in windpower in particular, and examines potential 
implications for power management.

The 16th annual meeting of CMI, held at Princeton University from April 4-5, 2017, gathered over 100 
people to hear presentations and take part in discussions about terrestrial and ocean carbon sinks, 
modeling of tropical cyclones, energy innovations and disruptive technologies, US climate policy 
including the regulatory and tax outlook, and climate change perspectives in the era of the Trump 
administration.

 

CMI held its 16th annual meeting at Princeton University from April 4-5, 2017. Over 100 people gathered to hear 
presentations and take part in discussions. (Photo by Igor Heifetz)

During a celebratory reception at the meeting, BP’s chief scientist and head of technology, Angela 
Strank, presented the 2017 CMI Best Paper Award to Princeton University postdoctoral research 
fellow Bhargav Rallabandi. Rallabandi, who works in PI Howard Stone’s lab, was selected for his 
paper, “Wind-Driven Formation of Ice Bridges in Straits.” The paper was published in Physical 
Review Letters in March 2017. 

The day before the commencement of the CMI annual meeting, a symposium entitled “Energy for 
a Carbon-Constrained World,” honored Robert Williams on the occasion of his retirement after 
more than 40 years at Princeton. Williams, former head of the Energy Systems Analysis Group, had 
participated in CMI since its inception. The all-day celebration featured renowned international 
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experts from academia, industry, and government speaking on a variety of solutions and technologies 
that can provide sustainable energy and mitigate the impact of climate change on the environment. 

Stephen Pacala, the Frederick D. Petrie Professor in Ecology and Evolutionary Biology and CMI 
co-director, was appointed as chair of a new National Academies of Sciences, Engineering, and 
Medicine’s Committee on Developing a Research Agenda for Carbon Dioxide Removal and Reliable 
Sequestration. The committee’s objective is to assess the benefits, risks, and sustainable scale potential 
for CO2 removal and sequestration approaches; and to increase their commercial viability.

CMI is pleased to announce the addition of three new PIs: Amilcare Porporato, Xinning Zhang, and 
Vaishali Naik. Porporato is a professor in the Department of Civil and Environmental Engineering 
and PEI; he is known widely for his work in soils and hydrology. Zhang is a biogeochemist who began 
her assistant professorship in the Department of Geosciences and PEI in 2017. Naik is a physical 
scientist at GFDL; she is an expert in atmospheric chemistry and global modelling. 

New CMI PIs: Vaishali Naik, Amilcare Porporato, Xinning Zhang

Also in 2017, BP assigned Michelle Horsfield, the BP Climate 
Science and Sustainability Manager, to work closely with Gardiner 
Hill and Cindy Yeilding in managing BP’s CMI relationship.

In this report, each of the PIs or teams of PIs selected one research 
highlight from 2017 to feature and provided context for the work. 
These highlights are supplemented by a complete list of the year’s 
publications.

For more information, visit us at CMI’s website - cmi.princeton.edu - or email us at 
cmi@princeton.edu.

Michelle Horsfield, BP
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Science

CMI Science
 

CMI Science features close collaboration with Princeton’s neighbor, the Geophysical Fluid 
Dynamics Laboratory (GFDL) of the US Department of Commerce. Together, CMI and GFDL are 
improving the understanding of atmospheric, oceanic and terrestrial carbon dioxide (CO2) and 
other greenhouse gases. The role of oceans as carbon and heat sinks is under investigation, with an 
emphasis on the relatively unexplored Southern Ocean. A growing effort is focused upon developing 
a better understanding of past tropical cyclone activity and intensity in order to improve the ability 
to predict future activity in response to changing climatic conditions. The study of surface waves at 
the interface between the atmosphere and ocean waters has important implications for improved 
understanding of climate and weather. Modeling of ice flows reveals new information about ocean 
mixing with implications for ocean ecology. Research on the role of terrestrial vegetation in the 
carbon cycle continues with additional focus on the hydrological cycle. An initiative launched in late 
2017 investigates the physics of soil carbon dynamics to inform practical strategies for enhancing 
carbon storage in soils. In addition, a new supplementary award was announced to study methane 
sources and sinks in the atmosphere and on land.

Research Highlights – At a Glance

Jorge Sarmiento: Previous research using ocean observations and model results has suggested that 
the ocean around Antarctica acts as a key sink for atmospheric CO2, mitigating global temperature 
increases caused by increasing anthropogenic carbon emissions. However, ship-based observations 
to test these findings have been scarce and mostly limited to summertime measurements. New data 
from robotic floats that measure biogeochemistry year-round suggest that previous studies may have 
missed important wintertime outgassing in certain regions, resulting in overestimates of the size 
of the Southern Ocean sink. The Southern Ocean Carbon and Climate Observations and Modeling 
(SOCCOM) researchers are working to extend such observations throughout the global ocean.

Gabriel Vecchi: Models project an increase in the rate of “rapid intensification” for tropical cyclones 
globally by the end of the 21st century. However, projections of changes in hurricane frequency 
in the Atlantic remain more uncertain, and model simulations and potential undercounts prior to 
available satellite data suggest observed long-term trends in hurricane counts are data artifact. The 
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goal of this work is to reconcile these potential discrepancies and to improve the understanding of 
the mechanisms behind and limits to the predictability of tropical cyclone (TC) activity over the past 
few and next centuries. The work connects to broad questions in the climate science community, 
such as uncertainty over what TC changes are likely to occur over the coming century, and the extent 
to which intrinsic climate variability may be dominant over the impact of greenhouse forcing. 

Brandon Reichl: Surface waves at the atmosphere-ocean interface have important implications for 
climate and weather modeling. This research focuses on two topics related to surface waves. The 
first is improved coupled model performance through explicit consideration of physical processes 
related to surface gravity waves, including upper ocean turbulent mixing and interfacial fluxes of 
heat, momentum, and gases. The second is the investigation of changing surface wave characteristics 
in an evolving climate.

François Morel: The fixation of nitrogen gas by specialized organisms such as Trichodesmium is 
key to controlling photosynthetic production in marine ecosystems and may be impaired by ocean 
acidification. Recent studies sought to untangle the separate effects of high CO2 and low pH on 
Trichodesmium and found that the former accelerates photosynthesis and N2-fixation whereas the 
latter impairs these functions. Low ambient pH results in low intracellular pH, which decreases the 
efficiency of the nitrogenase enzyme.

Howard Stone: Climate changes involve atmospheric motions, ocean flows, and evolution of ice on 
land and in the sea. These dynamics are closely interrelated; insights into individual processes can 
help to illuminate poorly understood aspects of global climate dynamics, such as factors affecting 
the maintenance of sea ice cover in the Arctic basin. Sea ice cover can impact fresh water fluxes, local 
ecology and ocean circulation. The Stone group is providing simplified models for understanding 
the movement and distribution of ice during the formation of polynyas, which refer to localized 
regions of water surrounded by ice, and through narrow straits, which can affect flow, mixing and 
ecology in the ocean. The approach seeks to draw generalizations valid for various geometric and 
climate conditions. 

Stephen Pacala: The Pacala group’s work has continued to improve the representation of the carbon 
cycle in climate models, including empirical support for a new theory of evaporative water loss in 
plants and an explanation of tree behavior in response to drought. Additional work on the warming 
impacts of methane, including a collaboration with the Environmental Defense Fund, analyzed the 
methane budget of the US oil and gas infrastructure and provided new estimates for US emissions.

Elena Shevliakova: Human water management practices have a noticeable impact on the hydrological 
cycle. These include diverting water for irrigation, abstraction of groundwater, and construction of 
reservoirs. Hydrologic extremes, in particular, are heavily affected by water management practices, 
due to the existing stress on the system during droughts and floods. To prepare adaptation plans 
for hydrological extremes in the future, it is essential to account for water management and other 
human influences in state-of-the-art climate models.  

Ian Bourg: An objective of the Bourg group is to resolve the physics of soil carbon storage. Field 
experiments indicate that the carbon storage capacity of soils increases significantly with their 
content in smectite clay minerals, but the cause of this relationship is unknown. The Bourg group is 

 
Sc

ie
nc

e



CMI Carbon Mitigation Initiative 11

using atomistic-level simulations to predict the energetics of clay-organic interaction, the hydrology 
of clayey soils and sediments, and their dependence on aqueous chemistry. These results will enable 
more accurate Earth System Model predictions of soil carbon dynamics and inform practical 
strategies for enhancing the soil carbon sink.

François Morel (lead), Vaishali Naik, Elena Shevliakova, and Xinning Zhang: The CMI methane 
project, initiated in spring 2017, consists of three interconnected subprojects: an experimental project 
dealing with the critical issue of methane releases from wetlands, and two modeling projects aimed 
at quantifying the sources, sinks, and variations of methane in the atmosphere and on land. All three 
projects are now in full swing, following the hiring of postdoctoral researchers during the second 
half of 2017.

 
Science
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Robotic Floats Challenge Previous Estimates of the Southern Ocean 
Carbon Sink
Principal Investigator: Jorge Sarmiento

At a Glance 

Previous research using ocean observations and model results has suggested that the ocean around 
Antarctica acts as a key sink for atmospheric CO2, mitigating global temperature increases caused by 
increasing anthropogenic carbon emissions. However, ship-based observations to test these findings 
have been scarce and mostly limited to summertime measurements. New data from robotic floats 
that measure biogeochemistry year-round suggest that previous studies may have missed important 
wintertime outgassing in certain regions, resulting in overestimates of the size of the Southern Ocean 
sink. The Southern Ocean Carbon and Climate Observations and Modeling (SOCCOM) researchers 
are working to extend such observations throughout the global ocean.

Research Highlight

The Southern Ocean surrounding Antarctica plays a crucial role in the global carbon cycle and 
in the climate system as a whole. Observation-based estimates typically find that the Southern 
Ocean accounts for a significant portion of the contemporary oceanic uptake of CO2. However, 
measurements in this remote and inhospitable region have historically been made from ships and 
are severely limited in space as well as heavily biased towards spring and summer.

Sarmiento directs the SOCCOM project, a multi-institutional effort funded by the National Science 
Foundation to dramatically increase the number and variety of observations of the Southern Ocean 
through the world’s first large-scale deployment of biogeochemical (BGC) Argo floats. These robotic 
floats are equipped with newly developed biogeochemical sensors to measure pH, nitrate, and oxygen 
in addition to ocean temperature and salinity.

Over 100 SOCCOM BGC floats are currently operating and have collectively made nearly 5 million 
observations in the Southern Ocean (Figure 1.1.1) in all seasons and under ice. A subset of these 
floats deployed in the Southern Ocean during 2014-2017 have been used to make new estimates of 
air-sea fluxes of CO2 using these year-round measurements. Figure 1.1.2 shows CO2 fluxes for five 
regions of the Southern Ocean derived from pH measurements and alkalinity estimates based on 
regression algorithms. The results, while consistent with gridded CO2 flux products in the Subtropical, 
Subantarctic, Polar Front, and Seasonal Ice zones, are markedly different in the Antarctic zone where 
carbon-rich deep waters upwell to the sea surface, a region that is poorly sampled in ship-based 
datasets. Significant outgassing observed in this region leads to a net Southern Ocean CO2 sink of 
0.03 PgC y-1 from the atmosphere to the ocean, a substantial departure from the most recent ship-
based estimates of a mean sink of 1.0 PgC y-1. This finding has important implications for global 
climate models, which typically simulate a Southern Ocean CO2 sink of 0.5 to 1.3 PgC y-1 south of 
35°S (relative to a global ocean sink of ~2 PgC y-1 and anthropogenic emissions of ~10 PgC y-1 from 
fossil fuels and cement). Furthermore, it suggests that our current understanding of the distribution 
of oceanic sources and sinks of CO2 may need revision and highlights the need for sustained year-
round observations in the high-latitude Southern Ocean.
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SOCCOM will continue to deploy BGC-Argo floats over the next three years, with a goal of roughly 
200 floats operating in the Southern Ocean by 2020, which will give an even clearer picture of the 
distribution of pH, oxygen, and nutrients in the region. At the same time, high-resolution modeling 
studies are using the new data to better understand the current workings of the Southern Ocean and 
to compare and improve Earth System Models of the future of this region in a changing climate. 

SOCCOM researchers are also reaching out to the oceanographic community to enable other 
researchers to use BGC-floats and expand the observing system worldwide. SOCCOM researchers 
held a town hall at this year’s American Geophysical Union Ocean Sciences meeting to inform other 
oceanographers about their efforts and the potential of float-based observations, and will also hold 
a float workshop at the University of Washington this summer to train other scientists, particularly 
early-career researchers, in how to use and process data from these new tools.

Figure 1.1.1. Locations and trajectories of 107 SOCCOM floats operating as of January 30, 2018. Red dots are locations 
of operating floats and yellow lines indicate float trajectories since deployment. (Credit: SOCCOM)
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Figure 1.1.2. Annual net oceanic CO2 flux (PgC y-1) by oceanic zone estimated from float data (black bars) and from 
two widely used gridded estimates (red and green bars), calculated by sampling the gridded estimates in the same 
locations as the floats. Positive indicates net outgassing; negative indicates net ingassing. (Credit: SOCCOM)
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Projecting Tropical Cyclone Intensification
Principal Investigator: Gabriel Vecchi

At a Glance 

Models project an increase in the rate of “rapid intensification” for tropical cyclones globally by the 
end of the 21st century. However, projections of changes in hurricane frequency in the Atlantic remain 
more uncertain, and model simulations and potential undercounts prior to available satellite data 
suggest observed long-term trends in hurricane counts are data artifact. The goal of this work is to 
reconcile these potential discrepancies and to improve the understanding of the mechanisms behind 
and limits to the predictability of tropical cyclone (TC) activity over the past few and next centuries. 
The work connects to broad questions in the climate science community, such as uncertainty over 
what TC changes are likely to occur over the coming century, and the extent to which intrinsic climate 
variability may be dominant over the impact of greenhouse forcing. 

Research Highlight

Tropical cyclone intensification. A particular focus of Vecchi’s group has been on projections 
of rapid intensification of TCs, in which the wind speeds of TCs increase abruptly in less than a 
day, such as with hurricanes Harvey, Irma, and Maria in 2017. Rapidly intensifying TCs present a 
particular challenge to society as they tend to be poorly forecast on the weather scale and can leave 
communities with little time to prepare for impacts. The group recently submitted a manuscript 
describing climate model projections for a substantial increase in the rate of rapid intensification for 
TCs globally by the end of the 21st century, which may be evident as soon as the next few decades1.

Hurricane frequency. The team also explored the question of how TC frequency (the number of 
storms) may change. Modeling studies indicate the potential for both increases and decreases in 
regional TC frequency over the 21st century – can these diverging projections be distinguished? 

Given that greenhouse warming is evident over the past century, answers to two questions can 
help us interpret the future: How and why has TC activity changed in the past? If a greenhouse-
induced change in past TC activity is identified, one could expect it to continue into the future; if 
natural climate variations were dominant in the past, one may continue to experience substantial 
fluctuations. 

The North Atlantic, where TCs are referred to as hurricanes, has the longest continuous database of 
TCs, with records available since the mid-1800s. These records indicate strong fluctuations in the 
number of hurricanes, including a nominal increase in the raw hurricane counts (see red line in 
Figure 1.2.1). However, potential undercounts prior to available satellite data suggest this long-term 
trend is a data artifact (compare black and red lines in Figure 1.2.1). Therefore, the group performed 
a suite of high-resolution climate model experiments (blue line and symbols in Figure 1.2.1). When 
constrained with estimates of past ocean temperatures, the model is able to recover many aspects of 
the observed Atlantic hurricane record.

This modeling study does not support the notion of a historical increase in Atlantic hurricane 
frequency since the late-1800s. Furthermore, these experiments support the hypothesis that official 
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hurricane records have a substantial undercount in the pre-satellite era (Figure 1.2.1). This particular 
study does not address changes in the most intense hurricanes1, nor of hurricane rainfall. A warmer 
atmosphere is able to “hold” more moisture so hurricane rainfall is expected to increase with 
warming; a recent study indicates that the odds of the extreme rainfall over the Houston area during 
Hurricane Harvey was enhanced by global warming2, and another study indicates these extremes 
should increase over the coming century3.

Figure 1.2.1. Annual hurricane frequency in the Atlantic over the period 1871-2016 from: the NOAA HURDAT database 
(red line); the NOAA HURDAT database corrected for likely undercounts in the pre-satellite era (thick black line)4; and 
a suite of high-resolution climate model simulations constrained by observational estimates of ocean temperatures 
(blue dashed line and blue symbols; each circle represents an independent model realization to estimate the role of 
“weather noise”). Notice the three “active” periods (1870s-1890s, 1930s-1960s, and 1995-present) and two “inactive” 
eras (1900s-1920s, 1960s-1995) in the record. 

In the coming year, the results from the simulations over the period 1871-2017 will be further 
analyzed, with a focus on hurricane-induced and regional rainfall. Further, the sensitivity to 
uncertainties in the knowledge of past ocean temperatures, and the sensitivity of the results to 
climate model formulation, will be explored by repeating the simulations with different estimates 
of historical temperature and a different high-resolution climate model. Of particular interest will 
be the potential discrepancy between model estimates of mid-20th century TC activity and those in 
historical reconstructions (Figure 1.2.2).
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Figure 1.2.2. (a) Satellite era hurricane tracks, and (b-d) ship tracks density in the pre-satellite era indicates the potential 
for “missed” storms prior to satellite records. The pre-satellite era is divided into: (b) the pre-Panama Canal era, (c) post-
Panama Canal through WWII era, and (d) post-WWII era5.

Volcanic activity. The response of TCs to volcanic forcing will also be explored through targeted 
climate model experiments in order to test the hypothesis that TC sensitivity to volcanoes depends 
fundamentally on the hemisphere in which the volcanic plume is most pronounced. Preliminary 
results indicate that El Chichón (1982), whose plume had a northern hemisphere maximum, 
increased TC activity in the southern hemisphere, and Agung (1963), which had its plume primarily 
in the southern hemisphere, acted to increase TC activity in the northern hemisphere. Emissions 
from explosive volcanoes can remain in the stratosphere for years and reduce the amount of sunlight 
reaching the surface, leading to a cooling of the planet. If the volcanic plume is primarily in one 
hemisphere, one would expect the cooling to be concentrated in that hemisphere, and the hypothesis 
of “relative warming” control on TC activity and rainfall6,7 suggests a more favorable environment 
for TCs and rainfall in the opposite hemisphere.

These experiments will also be used to understand the sensitivity of rainfall (and its extremes) beyond 
volcanic forcing, including the extent to which the impact of volcanic forcing serves as a useful 
analogue to the impact of surface warming due to greenhouse gas buildups on regional climate 
changes and extremes.

These projects are part of a broader effort to understand how TCs and tropical climate have changed, 
and the sensitivity of TCs to a range of factors, from the intrinsic variability of the atmosphere to the 
possible range of ocean temperature changes over the coming century, and the extent to which one 
can make predictions at regional and local scales. 
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Surface Gravity Waves in Climate Modeling
Principal Investigator: Brandon Reichl

At a Glance 

Surface waves at the atmosphere-ocean interface have important implications for climate and weather 
modeling. This research focuses on two topics related to surface waves. The first is improved coupled 
model performance through explicit consideration of physical processes related to surface gravity 
waves, including upper ocean turbulent mixing and interfacial fluxes of heat, momentum, and gases. 
The second is the investigation of changing surface wave characteristics in an evolving climate.

Research Highlight

A present research focus within the first topic is the role of surface waves in upper ocean mixing. Earth 
Systems Models have historically suffered from biases in under-predicting upper-ocean mixing. One 
region where this bias is particularly notable is in the Southern Ocean, where simulated mean mixed 
layer depth using GFDL’s MOM6 (Figure 1.3b) average approximately 50 m, approximately 30 m 
shallower than the observations of Hosoda et al., 2010 (Figure 1.3a). 

This discrepancy motivated a high-resolution process model investigation to understand and 
parameterize the role of surface waves in ocean mixing via a wave-turbulence interaction mechanism 
called Langmuir turbulence (LT). The result was a modified parameterization for upper ocean 
mixing that significantly improves the simulated mixed layer depth in the Southern Ocean relative 
to observations (Figure 1.3c). The implications of this are significant for improving climate models 
through simulating atmosphere-ocean exchange and ocean uptake of properties such as heat and 
carbon.

Figure 1.3. Summer mixed layer depths from [a] observed climatology by Hosoda et al., 2010, [b] GFDL CM4/MOM6 
prototype model with no wave-driven mixing (original) and [c] the same model with the new wave-driven mixing 
parameterization (Langmuir Turbulence, LT). The mixed layer depth is determined by a threshold vertical density 
change of 0.03 kg/m3.
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Another finding of this study is the failure of the wave-driven parameterization to improve mixed 
layer depth biases in the Equatorial region (Figure 1.3a-c). The model bias in this region is therefore 
likely unrelated to missing wave processes, motivating future work to improve parameterized 
turbulent mixing driven by other sources (e.g., due to vertical current shear).

The second topic has driven a separate research focus on trends in surface wave properties over the 
historical record and projections for the future. The importance of this work lies largely in societal 
impacts. Marine development and offshore operations rely on accurately knowing the local ocean 
environment and how the environment will evolve over several decades. Possibly the most relevant 
environmental parameter for these concerns is the ocean wave height, both on average and during 
extreme weather events such as hurricanes. Trends in wave statistics can be investigated over the 
historical record to understand how conditions may change in the future. Furthermore, using a wave 
model coupled to a climate model designed for projection allows another method for predicting how 
waves will respond to evolving environmental conditions.

A critical next step for both research paths will be explicitly coupling a surface wave model into 
NOAA/GFDL’s climate modeling framework to improve model capabilities and better understand 
impacts in a changing climate. Presently, the uncoupled simulations with prescribed (observed) 
wind fields allow the role of waves to be understood only in a historical context. Predicting the role 
of surface waves in a changing climate requires the ability to model how the waves will respond 
to changing forcing, and thus clearly merges both research branches. Furthermore, research has 
recently begun on improved model performance considering other aspects of wave effects, such as 
air entrainment, which will allow for better estimates of heat, gas, and momentum flux within the 
model.
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Effects of Ocean Acidification on N2-Fixing Cyanobacteria
Principal Investigator: François Morel

At a Glance

The fixation of nitrogen gas by specialized organisms such as Trichodesmium is key to controlling 
photosynthetic production in marine ecosystems and may be impaired by ocean acidification. Recent 
studies sought to untangle the separate effects of high CO2 and low pH on Trichodesmium and found 
that the former accelerates photosynthesis and N2-fixation whereas the latter impairs these functions. 
Low ambient pH results in low intracellular pH, which decreases the efficiency of the nitrogenase 
enzyme.

Research Highlight

The photosynthetic production of organic carbon that supports marine ecosystems is limited by 
the bioavailability of nitrogen in large regions of the oceans. As a result, the fixation of nitrogen 
gas (N2) by specialized organisms (diazotrophs, which synthesize the nitrogenase enzyme) is a key 
process controlling marine productivity. There have been numerous recent publications on the effect 
of ocean acidification, caused by the CO2 emitted by fossil fuel burning, on N2-fixation by marine 
organisms. In particular, the cyanobacterium Trichodesmium, which is ubiquitous in low latitude 
oceans, has been reported to increase N2-fixation under acidic conditions.

A fundamental complication in assessing biological responses to ocean acidification is the need to 
unravel the differential effects of the simultaneous decrease in pH and increase in CO2 concentration. 
Experiments in which only one of these two parameters is varied at a time demonstrate that increasing 
CO2 while maintaining pH constant accelerates the rates of photosynthesis and N2-fixation by 
Trichodesmium. In contrast, decreasing pH at constant CO2 impairs photosynthesis and N2-fixation.

Figure 1.4. The cyanobacterium Trichodesmium, ubiquitous in low latitude oceans, decreases N2-fixation under the 

acidic conditions caused by high CO2. Image credit: Sven Kranz. 
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The negative effect of low pH, which overwhelms the positive effect of high CO2 when both co-vary, 
is enhanced under conditions of low iron availability, which are prevalent in large regions of the open 
ocean. Notably, the detrimental effect of low pH can be masked under experimental conditions if the 
culture medium is contaminated by traces of ammonium as acidification decreases the concentration 
of the uncharged and toxic ammonia (lower NH3/NH4

+ ratio). 

Mechanistic explanations for the positive effect of high CO2 and negative effect of low pH on 
Trichodesmium are provided by physiological measurements and proteomic analyses of the organism 
under various conditions. In particular, low ambient pH results in a decreased intracellular pH 
despite increased energy devoted to proton (H+) export. In turn, the low intracellular pH impairs the 
efficiency of the nitrogenase enzyme and leads to a decrease in N2-fixation rate despite an increase in 
enzyme concentration. Results of acidification experiments with field populations of Trichodesmium 
in the South China Sea are wholly consistent with laboratory results.

This study reconciles previous studies that gave conflicting results on the response of Trichodesmium 
to acidification. Extrapolation to the conditions expected for year 2100 suggests a potentially 
significant decline in the supply of new nitrogen to oceanic ecosystems.
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Modeling the Formation and Extent of Coastal Polynyas
Principal Investigator: Howard A. Stone

At a Glance

Climate changes involve atmospheric motions, ocean flows, and evolution of ice on land and in the sea. 
These dynamics are closely interrelated; insights into individual processes can help to illuminate poorly 
understood aspects of global climate dynamics, such as factors affecting the maintenance of sea ice cover 
in the Arctic basin. Sea ice cover can impact fresh water fluxes, local ecology and ocean circulation. 
The Stone group is providing simplified models for understanding the movement and distribution of 
ice during the formation of polynyas, which refer to localized regions of water surrounded by ice, and 
through narrow straits, which can affect flow, mixing and ecology in the ocean. The approach seeks to 
draw generalizations valid for various geometric and climate conditions.

Research Highlight

A polynya is a region of persistent open ocean water surrounded by sea ice (Figures 1.5a and 1.5b). 
Polynyas remain open from a regional balance between the rate of ice production (due to freezing 
seawater) and the rate of ice depletion, for example, due to flow. Such polynyas may exist either in the 
open ocean or close to coastal boundaries. The latter are formed when winds sweep ice away from the 
coast, exposing open sea water that freezes to form new ice. Thus, these coastal polynyas, especially 
along the Antarctic coast and some regions of the Arctic, are an important source of new sea ice, are 
crucial to ocean-atmosphere energy exchange, and are thought to regulate thermohaline circulation, 
i.e., the circulation of temperature and salinity, in the ocean. In addition, phytoplankton and other 
marine life thrive in polynyas, especially in summer months, and so these water-ice structures are 
important to ecology. 

Although some qualitative mechanisms of polynya formation have been identified, modeling their 
extent precisely has proved challenging. In particular, previous attempts have predicted unrealistically 
large or unstable polynyas. Alternatively, they have relied on high-resolution numerical simulations, 
where a clear connection between polynya formation dynamics and the mechanical stresses due 
to the ice motion is lacking. Recently, the Stone group has succeeded in developing simplified 
descriptions of ice motion due to wind in the context of ice bridge formation in straits, taking into 
account the frictional stresses in ice. These simplified models accurately represent the mechanical 
behavior of ice and ice flows, agreeing both with measurements and with numerical simulations. 
This approach forms the basis for our more recent investigation of coastal polynyas.
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Figure 1.5. (a) Map of the Arctic indicating coastal polynyas in orange and sea ice in blue. Adapted from Barber and 
Massom, 2007. Elsevier Oceanography Series. 74: 1-54. (b) Aerial view of the Weddell polynya (dark blue) off the Antarctic 
coast (white) surrounded by ice on all sides; image from ACE CRC, Australia. (c) Results of a preliminary numerical 
simulation of a wind-driven coastal polynya downstream of an island (white), showing a pileup of ice (red) upstream 
of the island with open water (dark blue) downstream. The arrows indicate the velocity of the ice, shading indicates ice 
thickness, and the contours indicate the ice area fraction. 

The Stone group’s current efforts are focused on modeling polynya formation in coastal regions, 
including islands and fjords. As with our previous studies of ice flows, we have interacted closely with 
Michael Winton at GFDL as part of regular discussions we have had with GFDL colleagues. These 
studies of polynyas quantify the formation of new ice by freezing seawater, while incorporating 
findings from the group’s previous work to quantify the stresses and motion of the formed ice in 
response to wind. The study will develop a fully resolved numerical model, as well as a simplified 
model to predict the roles of freezing (ice production), flow, and ice accumulation in determining the 
extent of coastal polynyas. The combination of modeling approaches will provide clear connections 
between the mechanics of sea ice motion and the thermodynamics of sea ice production. Thus, our 
modeling efforts not only explain a complex geophysical phenomenon but also provide a means to 
refine the modeling of sea ice in the more general context of Arctic and Antarctic ice flows near land 
boundaries. 

A related theme that is being pursued by the Stone group is to understand the mechanics of ice 
more broadly in the context of granular flows. Although the qualitative similarities of ice motion to 
flowing grains has been recognized in the ice-modeling community, no systematic quantification of 
these similarities has been attempted previously. This quantification will be particularly important 
as the structure of sea ice changes with climate change, requiring a reworking of current ice models, 
and the insights may also be useful to the community focused on granular mechanics. 
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Representing Plant Behavior in Climate Models
Principal Investigator: Stephen Pacala

At a Glance

The Pacala group’s work has continued to improve the representation of the carbon cycle in climate 
models, including empirical support for a new theory of evaporative water loss in plants and an 
explanation of tree behavior in response to drought. Additional work on the warming impacts of 
methane, including a collaboration with the Environmental Defense Fund, analyzed the methane 
budget of the US oil and gas infrastructure and provided new estimates for US emissions.

Research Highlight

The Pacala group’s CMI research continues to be focused on the carbon cycle and improving its 
representation in climate models. One of the most important factors that could limit the natural 
carbon sink is water limitation. Because evaporative water loss increases with temperature, global 
warming will water-stress plants even in locations with no decrease in rainfall. Water escapes plants 
from small valves called stomates. The group published a paper in 2016 that established a new theory 
of stomatal regulation1. This year, the team authored two papers showing that empirical data strongly 
support the new theory over the 40-year-old classical theory2,3.

The Pacala group also cleared up an important mystery impacting the carbon cycle. When drought 
kills trees, the trees that will eventually die usually grow quickly for up to a decade and then drop 
dead. No one could explain this behavior, even though drought-kill has the potential for large 
positive feedback in the carbon cycle. Drought from climate change kills trees, releasing carbon to 
the atmosphere, causing further climate change, and so on. The group’s new paper offers a simple 
explanation consistent with all available data.

Figure 1.6. The expected effects of warmer springs and drier summers on species composition of boreal forests and 

their role in the carbon cycle4.
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The new and advanced model of the terrestrial biosphere and carbon cycle that the group has been 
working on for many years was implemented this year in GFDL’s next-generation Earth System 
Models, which will be used in the next Intergovernmental Panel on Climate Change report. This 
model contains all of the team’s recent findings about stomatal regulation and, as a result, has 
enhanced ability to model water limitation of the terrestrial carbon sink. The model also contains 
the results of past CMI-funded research on fire and many other topics.

Finally, Pacala continued his work with the Environmental Defense Fund methane project. He 
and collaborators published one paper in Science calling for a new standard for reporting warming 
impacts of methane. He also completed analysis of the synthesis of the past five years of work: a 
methane budget of the US oil and gas infrastructure, from well to end use. This work shows that 
US emissions are 60% higher than the Environmental Protection Agency’s estimates because of 
upstream emission. The paper is currently in review at Science.
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Simulating Human Water Management Practices in a Climate Model
Principal Investigator: Elena Shevliakova

At a Glance

Human water management practices have a noticeable impact on the hydrological cycle. These include 
diverting water for irrigation, abstraction of groundwater, and construction of reservoirs. Hydrologic 
extremes, in particular, are heavily affected by water management practices, due to the existing stress 
on the system during droughts and floods. To prepare adaptation plans for hydrological extremes in the 
future, it is essential to account for water management and other human influences in state-of-the-art 
climate models.

Research Highlight

This project focuses on the implementation of irrigation practices and reservoirs in the LM3 model, 
which is the land component of GFDL’s Earth System Model. Irrigation accounts for 70% of global 
freshwater abstractions, while reservoirs significantly change the hydrological regime of major 
rivers. It is therefore crucial to include these processes in the current model to improve our ability to 
accurately simulate the hydrological cycle.

Irrigation is estimated as the difference between the amount of water that plants need for optimal 
growth and the actual available water in the soil. This method was used to dynamically estimate 
irrigation demand for croplands across the continental US (Figure 1.7.1). The modeled estimates 
of total irrigation demand show a similar spatial pattern to reported irrigation water withdrawals, 
although there is a slight underestimation in some regions. Reservoirs in the model change the flow 
towards the rivers, where the reservoir release is dependent on the downstream irrigation demand 
and minimum flow requirements. Most water is released in summer, while in winter a net increase 
in reservoir storage is observed.

Figure 1.7.1. Estimated irrigation demand across the continental US.

Including these irrigation processes led to changes in simulated vegetation characteristics and 
hydrological variables, such as increased vegetation growth over the croplands (Figure 1.7.2), and 
increased transpiration (i.e., evaporation by plants) and runoff. This led to a decrease in canopy 
temperature, with some locations showing a decrease of more than 8°C.

mm/day
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Figure 1.7.2. Changes in simulated net primary production.

Apart from causing these changes, the water management practices also had a significant influence 
on drought across the US. The simulations indicated that irrigation aggravated drought conditions 
in rivers, because water was taken from the water ways to stimulate plant evaporation. In contrast, 
the inclusion of reservoirs increased the river outflow in large parts of the US. However, the effect of 
reservoirs is very much dependent on the operation rules of each specific reservoir. It is assumed that 
these rules are aimed at preventing and alleviating drought. 

This new modeling framework provides a unique opportunity to study impacts of human water 
management at high resolutions, aiding a better understanding of anthropogenic impacts on 
vegetation growth, the hydrological cycle, and drought. In the future, the modeling framework 
will be elaborated with improved methods to estimate water management practices. Finally, the 
framework will be used for simulations at the global scale to be able to investigate human impacts 
across different climates.

kg C/m2 year
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Resolving the Physics of Soil Carbon Storage
Principal Investigator: Ian Bourg

At a Glance

An objective of the Bourg group is to resolve the physics of soil carbon storage. Field experiments 
indicate that the carbon storage capacity of soils increases significantly with their content in smectite 
clay minerals, but the cause of this relationship is unknown. The Bourg group is using atomistic-level 
simulations to predict the energetics of clay-organic interaction, the hydrology of clayey soils and 
sediments, and their dependence on aqueous chemistry. These results will enable more accurate Earth 
System Model predictions of soil carbon dynamics and inform practical strategies for enhancing the soil 
carbon sink.

Research Highlight

Soil carbon is the largest pool of carbon near the Earth’s surface, about as large as the atmosphere, 
biosphere, and surface ocean combined1. This soil carbon pool has important implications for the 
Earth’s carbon budget. For example, a minor annual increase in soil carbon content (0.2% per 
year) would effectively balance global CO2 sources and sinks as required by the Paris Agreement. 
Conversely, increased soil carbon respiration rates in a warming climate could greatly magnify 
anthropogenic CO2 emissions2.

Efforts to predict, and eventually control, soil carbon content are challenged by a lack of understanding 
of the relevant physics. An important clue into the fundamental mechanisms is that soil carbon 
content correlates strongly with the content of certain aluminosilicate clay minerals (smectite, 
imogolite, allophane). Possible mechanisms for this relation include carbon protection by adsorption 
on clay surfaces and the distinct hydrology (strong water retention, low permeability) of clay-rich 
regions within soils. At present, little is known of these fundamental processes and their dependence 
on temperature, aqueous chemistry, and the structure of the organic compounds. This information 
is challenging to extract from field studies because of the inherent complexity of soils, but is critical 
to the development of a predictive understanding of soil carbon. 

The Bourg group is using all-atom molecular dynamics (MD) simulations of simple clay-water-
organic systems to gain insight into the fundamental controls on soil carbon storage. The research 
focuses on two major questions: first, how organic molecules interact with clay surfaces and, second, 
how clay-water and clay-water-organic interactions control the hydrologic properties of soils. The first 
effort is carried out under the auspices of CMI along with the PEI Grand Challenges initiative. The 
second effort is supported since 2017 by grants secured by the Bourg group from the US Department 
of Energy and the US National Science Foundation. The two research efforts are independent, but 
their results strongly inform each other, and both may prove crucial to understanding the role of 
fine-grained minerals in soil carbon storage.

A key breakthrough in the first part of this initiative in 2017 is the demonstration that the atomistic-
level simulation methodologies developed by the Bourg group accurately predict the adsorption 
of dissolved gases3 and organic compounds4. The simulations provide detailed information on the 
energetics of organic adsorption on clay surfaces and intercalation in clay interlayer nanopores (Figure 
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1.8.1), properties that are thought to enable protection from microbial degradation. The simulations, 
which solve Newton’s equations of motion for systems of about 105 atoms using semi-empirical 
models of all relevant interatomic interactions, require about one month of time on hundreds of 
parallel processors. The main challenge is to develop models of these interatomic interactions that 
accurately predict the properties of real clay-water-organic systems, a research area in which the 
Bourg group is actively involved5.

Figure 1.8.1. Snapshot of a simulation cell containing two Ca-smectite clay nanoparticles (1 nm thick particles with 0.6 
nm thick interlayer nanopores) in contact with bulk-liquid-like water (0.1 M CaCl2 solution). Clay structural atoms are 
shown as red, yellow, pink, green, and white spheres (O, Si, Al, Mg, and H, respectively); water molecules are shown as 
red and white sticks. In the lower half of the figure, the overlain color map shows the free energy landscape as seen by 
a single molecule of di-ethyl phthalate (DEP). Dark blue regions near the clay basal surfaces indicate free energy wells 
where DEP is adsorbed by a combination of polar, Van der Waals, and hydrophobic interactions.

The results show that the affinities of phthalates (compounds selected to mimic the average 
stoichiometry and aromaticity of soil organic matter) for smectite clay surfaces are commensurate 
with the reported affinity of soil organic leachate for soil clay minerals. The results reveal that polar 
interactions associated primarily with the carbonyl groups (>C=O) contribute roughly half of the 
free energy of adsorption of phthalates on clay surfaces. Further simulations and complementary 
wet-chemical experiments are underway to characterize the influence of organic structure and 
aqueous chemistry on adsorption for a broader range of organic compounds.

An important breakthrough in the second part of this initiative is the demonstration that 
methodologies developed in the Bourg group allow simulating systems of tens of clay particles 
suspended in liquid water. Simulations are underway to predict the hydrology of clay-water mixtures 
as a function of compaction and aqueous chemistry (Figure 1.8.2). The results are likely to provide 
insight into the transport properties of clay-rich regions in soils and sediments6.

In addition to providing an advanced understanding of carbon cycling in soils, this initiative will 
enable more accurate representations of the migration of water and organics in sediments and 
sedimentary rocks, for example, in basin modeling and CO2-enhanced oil recovery.
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Figure 1.8.2. Snapshots of a simulation cell containing 10 Na-smectite particles (10-nm diameter hexagons) suspended 
in liquid water. Clay particles are shown as red, yellow, pink, green, and white spheres. Exchangeable Na ions are 
shown as blue spheres. Water molecules are not shown. The system, initially cubic and containing > 1 million atoms, 
is progressively dehydrated while applying a constant pressure in the vertical direction in a manner designed to 
mimic the drying of a clay suspension or the burial of clay-rich sediment. Simulation trajectories will be analyzed to 
determine how microstructure and transport properties vary with water content and aqueous chemistry in the clayey 
regions of soils and sediments. 
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The CMI Methane Project: Wetland, Atmospheric, and Terrestrial 
Methane Cycles
Principal Investigators: François Morel (lead), Vaishali Naik, Elena Shevliakova, and  
                                     Xinning Zhang

At a Glance

The CMI methane project, initiated in spring 2017, consists of three interconnected subprojects: an 
experimental project dealing with the critical issue of methane releases from wetlands, and two 
modeling projects aimed at quantifying the sources, sinks, and variations of methane in the atmosphere 
and on land. All three projects are now in full swing, following the hiring of postdoctoral researchers 
during the second half of 2017.

Research Highlight

1) The controls on methane release from wetlands

Wetlands are large and highly variable sources of the potent greenhouse gas methane. In these 
systems, methane emission to the atmosphere is shaped by a complex interplay of microbial, 
hydrological, and plant-associated processes, which vary in time and space. Contrary to the 
paradigm that microbial methane production is confined to oxygen-free habitats, recent research 
suggests that unsaturated soils and peats, containing significant levels of oxygen, may be important 
sources of methane. To understand the mechanisms underpinning this phenomenon, a group led 
by Xinning Zhang is studying how oxygen variability shapes carbon and nutrient transformation, 
community composition, and the activity of microbes important for methane cycling (Figure 1.9). 
Preliminary results indicate a potentially large enhancement of methane formation in wetlands 
subjected to cyclic variations in oxygen concentrations. Results will better constrain predictions of 
methane from high latitude ecosystems, where permafrost thaw is increasing the extent of wetlands 
and our understanding of methane cycling remains highly uncertain.

2) A global model of the atmospheric methane cycle.

Global atmospheric concentrations of methane started increasing in 2007 after a period of stabilization 
from 1999 to 2006. It has been challenging to attribute the changes in methane growth rate to specific 
sources or sinks of methane. A group led by Vaishali Naik is involved in developing and applying 
bottom-up global-scale chemistry climate models to better understand the processes that control the 
variability of atmospheric methane at decadal to centennial time scales. Initial tests show that the 
next-generation GFDL model, driven by historical emissions from the inventory developed for the 
Intercontinental Panel on Climate Change’s Sixth Assessment Report, is able to capture the observed 
variability and trends of the past 20 years. To facilitate the characterization of the drivers of methane 
variability and trends, the model is currently being advanced to include the representation of carbon 
and hydrogen isotopes of methane. Together with observations and model results, the group will be 
able to better quantify the roles of individual sources and sinks in driving methane variability.
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3) A global model of the terrestrial methane cycle.

Quantification of past and future terrestrial sources and sinks of carbon requires a global 
comprehensive and high-resolution land model with enhanced ecological, biogeochemical, and 
hydrological capabilities, including prognostic methane emissions from natural and managed systems. 
The terrestrial component of GFDL’s new Earth System Model, LM4, includes a number of new 
capabilities and improvements, such as dynamic vegetation and carbon cycling, a representation of 
changing land-use practices, frozen soil dynamics, and a new vertically resolved soil biogeochemistry 
for carbon and nitrogen cycling. GFDL scientists, led by Elena Shevliakova, in collaboration with 
Princeton Environmental Institute researchers are implementing a new component characterizing 
explicitly soil microbes, which shape most soil biogeochemical cycles and control releases of the most 
potent greenhouses gases, carbon dioxide, and methane. The model captures wetland soil microbial 
processes, including growth and decomposition of microbes involved in methane production and 
oxidation. Methane is transported through aerobic layers of the soil column, where methanotrophic 
microbes oxidize part of the methane, and the rest escapes to the atmosphere. 

Figure 1.9. CMI Researchers sampling sphagnum peat from a Northeastern wetland in June 2017 (top left panel). Peat 
samples (top right panel) were mixed with pore water, slurried, and exposed to different amounts of oxygen over 
the course of several months prior to the onset of an anoxic period. Samples of gas headspace and slurry material 
were taken from incubations (bottom right panel) over the course of the treatment to characterize the chemistry and 
microbiology of decaying, methanogenic peat.
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CMI Technology
 

 

CMI Technology studies CO2 storage in geological formations with a focus on understanding 
leakage risks associated with old oil and gas wells, and on modelling injection in unconventional 
reservoirs. A program on advanced batteries is developing new diagnostic methods. Other research 
focuses on incentivizing the decarbonisation of the transportation sector, with an emphasis on biofuel 
production combined with CO2 capture and storage.

Research Highlights – At a Glance

Michael Celia: In earlier work, the Celia group studied CO2 injection into depleted shale-gas systems and 
concluded that it was not feasible for most situations. That modeling work has now been extended to study 
the fate of fracking fluids in shale-gas systems. Modeling results indicate that the large amount of fracking 
fluids left underground is unlikely to pose any significant environmental risk.

Daniel Steingart: The misbehavior of batteries shows up in many ways and from a variety of root causes. 
The challenge is determining the where and what of the root causes. In 2017, the Princeton Lab for 
Electrochemical Engineering Systems Research made advances toward this understanding by studying 
the most fundamental electrochemical behaviors with novel electron microscopy. 

Eric Larson: The US transportation sector emits about a quarter of total US greenhouse gases. It may 
be the most challenging sector to decarbonize, given its heavy reliance on petroleum and millions of 
small emission sources. Biofuels are one of the few decarbonization options, especially for difficult-to-
electrify modes. Moreover, deployment of biofuel production systems that incorporate CO2 capture 
and storage may be essential for achieving mid-century greenhouse gas emission reductions that limit 
global warming to 2oC. The required speed and scale of deployment of biomass supply infrastructure and 
conversion facilities to meet future biofuels targets that could mitigate significant transportation sector 
emissions have no historical precedents. Incentives stronger than those that drove the expansion of the US 
corn-ethanol industry will be needed for an advanced biofuel industry to contribute significant carbon 
mitigation by mid-century.
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Fate of Fracking Fluids in Shale-Gas Systems
Principal Investigator: Michael Celia

At a Glance 

In earlier work, the Celia group studied CO2 injection into depleted shale-gas systems and concluded 
that it was not feasible for most situations. That modeling work has now been extended to study the 
fate of fracking fluids in shale-gas systems. Modeling results indicate that the large amount of fracking 
fluids left underground is unlikely to pose any significant environmental risk.

Research Highlight

Earlier Modeling Work: CO2 Sequestration in Shales

In earlier work on shale gas systems, the Celia group developed a model for CO2 injection into depleted 
shales and analyzed the feasibility of large-scale CO2 sequestration in shales. The model involved two-
component (methane and CO2) single-phase (gas) flow in the shale rock, and included competitive 
sorption as well as pressure-dependent nonlinearities. While being a reduced-order model, the results 
obtained matched gas production data very well, which gave confidence that the two-component model 
was reasonable.

The overall finding was that large-scale injection of CO2 is not feasible because of the excessive number 
of wells required to inject significant quantities of CO2. For example, injection of emissions from just the 
four largest coal-fired power plants in southwest Pennsylvania requires many thousands of wells in the 
Marcellus Formation. Rather than inject captured CO2 into depleted shales, it makes more sense to build 
a larger pipeline to transport the CO2 to a more suitable injection location like the Illinois Basin.

New Modeling Work: Fate of Fracking Fluid

The earlier modeling work has been extended to focus on the fracturing (“fracking”) fluid. One of 
the persistent questions about hydraulic fracturing in shale systems is the ultimate fate of the injected 
fracking fluid. In many shale systems, most of the injected fracking fluid does not return to the surface. 
This has led to concern that the injected fluid might be available to migrate out of the formation and leak 
into other formations, and potentially into groundwater zones.

The Celia group extended their earlier modeling work and developed a two-phase model (aqueous-based 
liquid fracking fluid and resident natural gas) to simulate the time period immediately following the 
fracking, including the shut-in period, and the subsequent longer period associated with production 
of gas (Figure 2.1.1). This modeling is based on an open-source, full reservoir simulator (MRST), and 
includes all relevant fluid flow processes, including capillary hysteresis. Detailed water injection and 
production data were made available for several wells in the Horn River Formation in British Columbia, 
and those data were used to test the model. Results showed very good matches to the amount of water 
remaining underground as well as the timing of the water that does flow back to the surface. The two-
phase model also produces excellent matches with gas production data. These comparisons between 
model and data give confidence that the model produces useful results.
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Figure 2.1.1. Illustration of horizontal shale gas well (top) with the model representation below it. The model 
representation includes the dark gray inner region representing the propped fracture, which contributes to fracking 
fluid imbibition and subsequent gas flow, and the light gray unpropped region that opens during fracking fluid 
injection but closes afterward. The dashed orange box shows the numerical model domain. Red arrows denote gas 
flow and blue arrows denote fracking fluid flow. Not to scale2.

In terms of the fate of the fracking fluid that remains underground, simulation results show that very 
strong capillary imbibition into the shale rock matrix leads to large amounts of fracking fluid being 
imbibed into the rock (Figure 2.1.2). Capillary hysteresis enhances the strong underlying capillarity in 
the rock and leads to almost all of the imbibed liquid remaining in the rock matrix during the gas 
production process. This result appears to be robust across a range of parameters including different 
representations of the capillary pressure functions.
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Figure 2.1.2. Water volume in the subsurface as a percentage of total volume injected. The graph shows total water 
(Sum) and the distribution of that total between the fractures and the matrix. The time period (2) is the shut-in period, 
and the later time (3) is the gas production period. Notice that even after gas production begins, water continues to 
imbibe from the fractures into the matrix2.

These overall results show that the large volume of fracking fluid that remains underground is imbibed 
strongly into the host rock and remains there in the long term, therefore posing very little risk in terms 
of migration out of the shale production zone.
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Understanding Long-Term Battery Behavior Through Fundamental 
Crystal Growth
Principal Investigator: Daniel Steingart

At a Glance

The misbehavior of batteries shows up in many ways and from a variety of root causes. The challenge 
is determining the where and what of the root causes. In 2017, the Princeton Lab for Electrochemical 
Engineering Systems Research made advances toward this understanding by studying the most 
fundamental electrochemical behaviors with novel electron microscopy.

Research Highlight

In the second year working with the Carbon Mitigation Initiative, the Steingart group built upon 
their studies of dendrites by examining the nanoscale growth of metals, or the “birth of a dendrite.” 
Three recent publications in collaboration with the University of California Los Angeles, IBM, and 
the University of Pennsylvania explore different aspects of plate metal growth1,2,3.

The group’s first effort exploits a challenge of in situ electron microscopy: observing with electrons 
can alter electrochemical behavior. To understand how to tame this behavior, the team designed a 
system to purposefully allow the electron beam to “write” and “erase” crystals, thereby turning the 
problem into a solution (Figure 2.2.1). Postdoctoral researcher Jeung Hun Park showed that crystals 
can be grown at arbitrary locations by electron beam-induced reactions of metal ions to metals from 
solutions. This work is expected to be extended to understand multicomponent alloys and core-shell 
nanostructures for fundamental investigations in energy storage.

Figure 2.2.1. Progression in time of electron beam-driven gold nanoparticle growth in solution.
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The second effort examines multicomponent behaviors of zinc and bismuth to control morphology, 
building upon earlier group work studying macroscale effects4. The simultaneous deposition of 
reactive and noble species allows for super structures to be created that can reversibly cycle to provide 
high energy density storage (Figure 2.2.2). The challenge to date is that the localization of the co-
deposit within an electrode is uneven. The work this year explains in part the heterogeneity, and may 
enable us to tame this problem in coming years.

Figure 2.2.2. Examples of zinc only (left) and ZnBi codeposition (right) at the nanoscale.

Finally, the group completes this work by assisting researchers at the University of Pennsylvania with 
a comprehensive study of interfacial evolution at the nanoscale (Figure 2.2.3). This work provides 
new insight into the earliest stages of metal growth, and therefore the origins of uneven depositions 
that can create unwanted (or desired5) dendrites.

Figure 2.2.3. Growth of an interface with overlaid velocity mapping.
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In the next year the team plans to apply their toolset to two new challenges: 1) the growth of plate 
lithium metal (the most reducing species currently known) and 2) extending our understanding of 
nanoscale behaviors to microscale and macroscale battery behaviors that are directly visible with 
lab-scale electrical and acoustic diagnostics.
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Mid-Century Advanced Biofuel Potential for the US: A Thought 
Experiment
Principal Investigator: Eric D. Larson*

At a Glance 

The US transportation sector emits about a quarter of total US greenhouse gases. It may be the most 
challenging sector to decarbonize, given its heavy reliance on petroleum and millions of small emission 
sources. Biofuels are one of the few decarbonization options, especially for difficult-to-electrify modes. 
Moreover, deployment of biofuel production systems that incorporate CO2 capture and storage may be 
essential for achieving mid-century greenhouse gas emission reductions that limit global warming to 2oC. 
The required speed and scale of deployment of biomass supply infrastructure and conversion facilities 
to meet future biofuels targets that could mitigate significant transportation sector emissions have no 
historical precedents, as illustrated here. Incentives stronger than those that drove the expansion of 
the US corn-ethanol industry will be needed for an advanced biofuel industry to contribute significant 
carbon mitigation by mid-century.

Research Highlight

Co-funded by CMI and Stanford’s Global Climate and Energy Project, the Energy Systems Analysis 
Group (ESAG) at Princeton University continued a collaboration with the University of Minnesota 
(UMN) and Colorado State University (CSU) to assess potential mid-century contributions from 
negative-emissions biomass-based transportation fuels. ESAG’s focus has been on understanding the 
prospective performance and economics of a range of conversion processes for making transportation 
fuels from lignocellulosic (plant dry matter) biomass while capturing CO2 for geologic storage. UMN 
and CSU are focusing on understanding biomass production for energy on abandoned croplands, 
where soil organic carbon storage provides a negative emissions opportunity.

By ESAG’s estimates, gasoline- and diesel-like fuels made from seven exajoules of lignocellulosic 
biomass grown sustainably in the US without displacing land for food production could make a 
substantial contribution to reducing transportation-sector emissions in the future. This would take 
on transport modes (air and long-haul trucks, trains, and ships) that are particularly resistant to 
electrification. As a thought experiment, we examine the plausibility of different scale-up rates for 
this industry and the resulting contributions that advanced biofuels might make by mid-century.

Prospective scale-up rates are compared with the most relevant historical precedent, the expansion 
of the US corn-ethanol industry. That industry grew slowly for about the first three decades, but 
more rapidly once significant incentives were introduced beginning in 1999 when California banned 
MTBE as a gasoline oxygenate, spurring increased demand for ethanol as a substitute (Figure 2.3.1a). 
Additional incentives followed, further accelerating growth, but subsequently slowed as total output 
approached the corn-ethanol supply limit under the RFS-2 legislation. The curve fit to the data in 
Figure 2.3.1a derives from the following equation:

* This work was done with Hans Meerman, who completed his post-doctoral appointment at Princeton in 2017 and is 
  now with the Center for Energy and Environmental Sciences, University of Groningen, Netherlands.
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 𝑃𝑃" = 𝐶𝐶% ∙ (𝑡𝑡 − 𝑡𝑡*) +
-.

%/012∙(3134567)
 Eqn. 1 

Where Pt is petajoules of feedstock processed in year t. Time zero (t0) is 1981, representing the start 
of the corn-ethanol industry. C1, C2, b, and tinfl are constants that have been tuned to achieve a visual 
best fit. In Figure 2.3.1a, C1 = 12.6/year, C2 = 1680 PJ/year, tinfl = 2009.5, and b = 0.6/year. 

Eqn. 1 is a modified logistics 
function. (A pure logistics 
function includes only the 
second term on the right.) 
Logistics functions are used 
to describe growth processes 
(e.g., population expansion 
or infectious disease spread) 
that begin slowly, then 
accelerate exponentially before 
decelerating and eventually 
reach a saturation level. 

A logistics function of 
the same form as Eqn. 1 
is developed to represent 
the scale-up trajectory of a 
future lignocellulosic biofuels 
industry. It is assumed that 
commercial biofuel production 
would begin in 2025 with 
enough biomass processed to 
produce 500 million gallons 
of biofuel, or 65 PJ on a higher 
heating value basis (65 PJHHV), 
assuming a biofuel energy 
content similar to gasoline. 
For comparison, the average 
US corn-ethanol facility has 
a production capacity of 78 
million gallons per year, or 
7 PJHHV, of ethanol, and the 
largest one has a capacity of 375 million gallons per year, or 33 PJHHV. 

If growth of an advanced biofuel industry from 2025 follows a trajectory like that seen for corn 
ethanol, i.e., slow linear growth for about 20 years before accelerating, the output of a lignocellulosic 

( a )

( b )
 
Figure 2.3.1 (a) Historical growth of US corn-ethanol industry (corn energy 
input basis) and incentives that have driven it, and (b) alternative scenarios 
for growth of an advanced lignocellulosic biofuel industry (biomass input 
energy basis) starting in 2025. Dashed lines are annual expansion rates (right 
axis) corresponding to the solid curves of the same color showing annual 
biomass processed (left axis).
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bioconversion industry by 2050 would still be only a fraction of that of the current corn-ethanol 
industry. 2050 is chosen as a nominal target date for discussion because deep reductions in carbon 
emissions economy-wide would be needed by then if global warming is to be limited to less than 2°C.

Alternatively, if sufficient incentives were in place by 2025 so that investment in the industry 
accelerates without the slow initial phase, growth trajectories like those in Figure 2.3.1b could result. 
The solid lines in Figure 2.3.1b follow Eqn. 1, but without the linear term (i.e., C1 = 0). The value of 
C2 is 7000 PJ/y, the projected future sustainable biomass feedstock supply. The value of tinfl varies in 
2.5-year increments from one line to the next, and for each value of tinfl, b is set such that the amount 
of biomass processed in 2025 corresponds to the production of 500 million gallons of biofuel. The 
dashed lines plot the slopes of the solid lines, i.e., the dashed lines show annual growth rates.

Figure 2.3.2 compares metrics derived from Figure 2.3.1 for the US corn-ethanol and prospective 
advanced biofuel industries. The target feedstock-energy input, which reflects the scale of the 
bioconversion industry, for the advanced biofuel industry is more than triple that for the corn-
ethanol industry. For the fastest assumed growth, the advanced biofuel industry would essentially 
reach the target level by 2050, but doing so would require an average annual growth rate (from 10% 
to 90% of the target) nearly quadruple that observed for the corn-ethanol industry during its most 
rapid expansion phase. With the slowest assumed growth rate, the advanced biofuel industry reaches 
only about half of the target by 2050, but still must grow nearly twice as fast as the corn-ethanol 
industry did in order to reach this modest level.

Corn ethanol Advanced (lignocellulosic) biofuel industry

TARGET total feedstock input, PJ/y 2,150 7,000

Date when 90% of TARGET is reached 2043 2047 2051 2055 2058 2062

Years required from 10% to 90% 17 14 17 20 23 25 27

Average feedstock-energy growth, PJ/y/y 111 417 343 292 254 234 205

Average feedstock-volume growth, Mm3/y/y 10 187 154 131 114 105 92

Figure 2.3.2. Comparison of historical US corn-ethanol industry and a prospective advanced biofuel industry.

Also shown in Figure 2.3.2 are average growth rates expressed in terms of biomass feedstock 
volumes, which reflect the scale of the biomass feedstock supply industry (as distinct from the 
biomass conversion industry). For the advanced biofuel industry to achieve 90% of the target level 
by 2043, the average growth in volume of biomass handled is 187 million m3/y/y. This is 19 times the 
average annual growth seen for the corn ethanol industry. It is so much larger both because of the 
larger target scale for the bioconversion industry and because the volumetric energy density of baled 
crop residues or grasses, which constitute the lignocellulosic biomass supply, is only about one-fifth 
of that for corn grain. At the target lignocellulosic biomass supply level, the biomass collection and 
transport infrastructure would need to handle 17 times as much volume as managed today by the 
corn-handling infrastructure for the ethanol industry.

Advanced lignocellulosic biofuel conversion technologies are not yet commercial today. In practice, 
they would need to be commercially ready within the next three or four years for industrial production 
to start in 2025 at the scale envisioned in Figure 2.3.1.
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CMI Integration
 

CMI Integration introduces new conceptual frameworks that are useful to governments and 
citizen groups considering climate change policies. One current effort seeks to make the emerging 
statistical analyses of extreme events, such as urban heat waves, more accessible. Another initiative 
involves the study of renewable energy intermittency, lulls in windpower in particular, and examines 
potential implications for power management. 

Research Highlights – At a Glance

Michael Oppenheimer: Heat waves (HWs) are among the most damaging climate extremes to 
human society. For urban residents, the urban heat island (UHI) effect further exacerbates the heat 
stress resulting from HWs, and these risks are even greater if HWs interact synergistically with UHIs. 
Combining climate model simulations and a new analytical framework, the Oppenheimer group 
has investigated the synergistic effects, sometimes positive and sometimes negative, between UHIs 
and HWs at a large scale under climate change. The study also uncovered the physical mechanisms 
underpinning these synergistic effects.

Robert Socolow: Intermittency—variability in output—bedevils wind and solar energy. Presented 
here is a fresh approach to intermittency that focuses on the statistics of lulls (periods of low output), 
especially the longest lulls. Long lulls are extreme events and should be at the center of attention in grid 
management. The longest lulls are unlikely to elicit the same strategies as shorter lulls. In particular, 
batteries (and other storage strategies that have costs roughly proportional to the energy they store) will 
be ill-suited to compensate for the rare, longest lulls.
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Modeling Current and Future Heat Waves Across US Cities
Principal Investigator: Michael Oppenheimer

At a Glance 

Heat waves (HWs) are among the most damaging climate extremes to human society. For urban 
residents, the urban heat island (UHI) effect further exacerbates the heat stress resulting from HWs, 
and these risks are even greater if HWs interact synergistically with UHIs. Combining climate model 
simulations and a new analytical framework, the Oppenheimer group has investigated the synergistic 
effects, sometimes positive and sometimes negative, between UHIs and HWs at a large scale under 
climate change. The study also uncovered the physical mechanisms underpinning these synergistic 
effects.

Research Highlight

Among the many damaging environmental extremes, including hurricanes, floods, and tornadoes, 
heat waves (HWs) are the deadliest in the US. Assuming no acclimatization and adaptation, extreme 
heat stress in a changing climate has the potential to cause a substantial increase in human mortality, 
morbidity, energy demand, and perhaps civil conflicts. 

In recognition of these concerns, better understanding is needed of the risks of future HWs including 
physical mechanisms, temporal structure, and potential adaptation and mitigation strategies to 
better manage changing risks over time.

Climate models consistently project that HW frequency, severity, and duration will increase 
markedly over this century. For urban residents, the heat stress resulting from HWs are amplified by 
the urban heat island (UHI) effect, and these risks are even greater if HWs interact synergistically 
with UHIs (Figure 3.1.1). Future impacts from such events can be mitigated through adaptation and 
risk management efforts informed by an improved understanding of the response of UHIs to HWs. 

Figure 3.1.1. Schematic of positive (a) and negative (b) synergistic effects between UHIs and HWs.

Integration
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STEP postdoctoral research associate Lei Zhao, with his advisor, Michael Oppenheimer, used an 
Earth system model to investigate the interactions between UHIs and HWs in 50 US cities under 
current climate and future warming scenarios. The results show significant sensitivity to local 
background climate and warming scenarios. Sensitivity also differs between daytime and nighttime 
(Figure 3.1.2). In today’s climate, there is a positive synergy in all regions day and night, significantly 
stronger in some cities at night. These synergistic effects, however, change in complex ways in 
future warmer climates. For cities in the eastern half of the US, in the daytime, positive synergies 
will become negative synergies, while at night, many positive synergies will become more strongly 
positive. For cities in the western half of the US, which consist mostly of dry climates, synergies are 
generally weak in today’s climate, but will become stronger in a future warmer one.

Figure 3.1.2. Maps of average synergistic effects between UHIs and HWs during 1975−2004 (a, b) and 2071−2100 (c, d) 

under RCP 8.5 scenario for selected cities in the US.

An analytical method was used to disentangle the mechanisms behind the interactions between 
UHIs and HWs that explain the spatiotemporal patterns of the interactions. Results show that 
evaporation plays a key role. Over a water-sufficient surface (such as moist soils or wet surfaces), an 
increase of air temperature favors increasing latent heat flux, a change in phase such as evaporation, 
rather than increasing sensible heat flux, a change in temperature. Over a water-limited surface (such 
as dry soils or concrete surfaces), sensible heat flux dominates. 

In the present-day climate, despite ample precipitation in temperate regions, cities in these regions 
are usually water limited due to the large fraction of impervious surfaces; whereas their surrounding 
rural surfaces are water sufficient. Therefore, during HWs (i.e., temperature increases) evaporation 
increases less over urban surfaces than over rural surfaces, resulting in an enhanced UHI effect, 
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which can be measured as the urban-rural gap in air or surface temperature. In dry regions where 
both urban and rural surfaces are water limited, the UHI effect due to differences in evaporation is 
weaker. 

Under future warming scenario, for cities in the temperate region, the enhancement of evaporative 
contribution to the urban-rural difference during HWs is diminished near the end of this century 
under RCP 8.5 (a greenhouse gas concentration trajectory adopted by the Intergovernmental Panel 
on Climate Change). The reason lies in the model-projected increase in precipitation in this region 
in future warmer climates. The increase in precipitation, to some extent, turns cities into water-
sufficient surfaces, so that evaporation over cities can increase as much as over their surrounding 
rural surfaces when HWs come in. The enhanced anthropogenic heat release during HWs, present 
in temperate and dry climate regions, is primarily the result of higher air-conditioning energy use to 
cope with the heat extremes. 

At night, the enhanced release of stored heat (in built structures) and anthropogenic heat during 
HWs are the primary contributors to synergistic effects.

This work highlights the heat risks that urban residents face now and in the projected future. HWs 
have detrimental impacts on human society and natural ecosystems. The synergistic effects that were 
found in the current study augment these impacts. The daytime synergistic effect alone leads to a 
3.2% increase in mortality risk in the current climate for temperate cities. The nighttime synergistic 
effect in the temperate region leads to an increase of 2.2% in mortality risk in the current climate and 
is projected to increase to 4.3% by the end of this century under RCP 8.5.

Integration
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Lull Analysis to Characterize Windpower Intermittency
Principal Investigator: Robert Socolow

At a Glance 

Intermittency—variability in output—bedevils wind and solar energy. Presented here is a fresh 
approach to intermittency that focuses on the statistics of lulls (periods of low output), especially the 
longest lulls. Long lulls are extreme events and should be at the center of attention in grid management. 
The longest lulls are unlikely to elicit the same strategies as shorter lulls. In particular, batteries (and 
other storage strategies that have costs roughly proportional to the energy they store) will be ill-suited to 
compensate for the rare, longest lulls.

Research Highlight

From 2004 to 2017, installed solar and wind power grew spectacularly on a global scale: from 3 to 300 
GW for solar and from 40 to 500 GW for wind. It is far from clear that solar and wind will continue 
to surge, but it is time to take seriously the possibility that the world will swap the current fossil 
energy system for one where solar and wind dominate. 

Relative to the current fossil energy system, a wind-solar energy system is more different than two 
other contending low-carbon systems, one dominated by fossil fuels with CO2 capture and storage 
(CCS) and the other by nuclear (fission and fusion) power. The intermittency and unpredictability 
of both solar and wind power creates fundamentally new challenges associated with long periods of 
low power output, or lulls. Long lulls should be conceptualized as a class of extreme events, needing 
dedicated attention and deserving names like those of hurricanes. 

This approach explored a study of a single database: total hourly windpower production in 2016 in 
the region governed by the Electricity Reliability Council of Texas (ERCOT), a region approximately 
coincident with the state of Texas. This is a work in progress, conducted jointly by CMI PI Robert 
Socolow and Pedro Haro. Haro was a Visiting Fellow at Princeton University in the winter of 2017-18 
and is now a professor at the University of Seville.

The question that has generated Socolow and Haro’s inquiry is: How long do periods of low power 
last? To answer that question, their general method is to:

1. Start with a time sequence (in our case, hourly data for a year). 
2. Choose a threshold (in our case, less than half the annual average power). 
3. Measure the duration of low power (the length of the lull) from the hour the power first drops 

below the threshold to the hour the power first returns above the threshold. 
4. Create a histogram that bins these lulls by duration. 
5. Pay special attention to the longest lulls, treating them as distinct events.

Figure 3.2.1 displays 2016 hourly data for the total electricity production from the wind farms in the 
ERCOT service area. During 2016, the installed wind capacity for these wind farms climbed from 
16 GW to 17.5 GW and averaged 17.1 GW, while the average windpower output was 6.0 GW. Taking 
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into account all sources of electricity, the average ERCOT demand in 2016 was 40.0 GW, so average 
windpower production was 15% of average demand.

Socolow’s and Haro’s choice for the threshold defining “low” output (horizontal line in Figure 3.2.1) 
is half of the annual average value, or 3.0 GW.

Figure 3.2.1. Hourly total electricity production from the wind farms in the ERCOT service area in 2016. Three values 
are identified on the vertical axis: 17 GW is the total capacity of the wind farms; 6 GW is the annual average 
windpower production: and 3 GW is half of the annual average—the threshold we have chosen for the illustrative 
analysis here. The events A, B, C, and D are the year’s longest lulls.

Figure 3.2.2 arranges all lulls by their duration, and plots the total time of lulls for each duration. The 
four longest lulls are labeled A, B, C, and D in the histogram, and these events are also identified in 
Figure 3.2.1. Event A lasts roughly four days, and events B, C, and D last roughly two days—a total 
of 10 days for the four events. 

Figure 3.2.3 reveals that altogether in 2016 there were 219 lulls accounting for 2059 hours (nearly 
one quarter of a year), and the average duration of a lull was nine hours. However, averages over lulls 
carry very little information. More importantly, 75% of the lulls lasted for less than 12 hours and 
95% for less than a day. There were only 12 long lulls, defined as lasting more than a day, yet these 
accounted for 481 hours (20 days).

Integration
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Figure 3.2.2. A histogram showing total time contributed by lulls of different durations; same data as Figure 3.2.1. A 
lull is defined here as a time interval when total windpower is below half its annual average. For lull lengths with a 
single occurrence, which include the longest lulls of the year, the fraction of the year associated with that lull (y-axis) is 
proportional to the length of the lull; the lower diagonal dashed line passes through the tops of all these one-lull bars. 
Lull lengths that occurred more frequently, which include many of the shorter lulls, form steeper trend lines. Total time 
spent in lulls: 2059 hours (23% of the year).

Number of 
Events

Cumulative 
Hours

% of Total 
Hours

Lull Length 
(hrs)

<12 164 862 42
13-24 43 716 35
25-36 8 247 12
>36 4 234 11

Total 219 2059 100

Figure 3.2.3. A table of summary statistics for these lulls.

Other data sets. We examined the same ERCOT data using a lower threshold, 25% of annual average 
power, or 1.5 GW. The longest lull with this tighter definition lasted less than half as long, 20 hours. 

The researchers also examined one other database, total hourly windpower production in mainland 
Spain in 2016, with a threshold of 50% of average power, and found shorter lulls than for ERCOT: the 
maximum lull was 17 hours, and the second longest was 11 hours. 
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For sure, this methodology could also reveal important features of “solar lulls,” stretches of cloudy 
days. If applied to solar-wind lulls (the periods of low output when both solar and wind power 
are contributing to a single power system), it would show the degree to which solar and wind in 
combination could shorten and make less deep the lulls that either would produce independently.

Implications for the management of intermittency. Lulls need to be partitioned for optimal 
management. The longest lulls are unlikely to elicit the same strategies as the shorter ones. In 
particular, batteries, which have costs roughly proportional to the energy they store, will be ill-suited 
to compensate for the longest lulls. In this example, credibly, lulls under 12 hours, and perhaps in 
the future under 24 hours, would be matched to batteries, while the eight events lasting between 25 
and 36 hours, the three two-day events, and the single four-day event would require other solutions. 

Ongoing analysis. Prolonged low wind is the obvious explanation for long lulls in windpower 
output. However, it is proving not at all straightforward to identify events directly from wind speed 
data, even when data are combined for several locations in ERCOT territory. Two explanations that 
Socolow and Haro have been able to exclude are: 1) edicts from ERCOT leading to curtailments, and 
2) extensive storms creating winds exceeding turbine cut-out speeds.

Future work. It will be important to understand the extent to which long lulls can be predicted 
in advance; having warnings of long lulls would improve preparedness (use of reserve capacity, 
expansion of imports, and shutdown of non-essential activity). Investigations of spatial correlations 
specific to long lulls will improve assessments of the value of long-distance transmission capacity 
and clarify the trade-offs between back-up power (e.g., provided by natural gas or diesel generators), 
storage, and demand-side management. Long-lull analysis should also provide insight into likely 
behavioral responses to these stresses.
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Figure 3.2.4. The eight Princeton visitors to BP’s Sherbino 2 wind farm, May 2017. Left to right: Robert Socolow, Minjie 
Chen, Robert Williams, Ryan Edwards, Levi Golston, Greg Davies, Elie Bou-Zeid, and Hossein Hezaveh.
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